MicroRNAs (miRNAs) are excised from hairpin structures within primary miRNAs (pri-miRNAs). Most animal primiRNAs are processed by two cleavages, the first at a loopdistal site w11 nucleotides (nt) from the end of the hairpin and the second w22 nt beyond the first [1] [2] [3] . To identify RNA structural determinants of miRNA processing in plants, we analyzed the functional consequences of changing the secondary structure of the lower (loop-distal), middle (miRNA:miRNA*), and upper (loop-proximal) stems of the hairpin in two different pri-miRNAs. Closing bulges immediately below the loop-distal cleavage sites increased the accumulation of accurately cleaved precursor miRNAs but decreased the abundance of the mature miRNAs. A primiRNA variant with an unpaired lower stem was not processed, and variants with a perfectly paired middle or upper stem were processed normally. Bioinformatic analysis of pri-miRNA structures, together with physical mapping of initial cleavage sites and in vitro processing of pri-miRNA, reveals that the first, loop-distal cleavage is often at a distance of w15 nt from an unpaired region. Hence, a common determinant of the rate and location of the initial pri-miRNA cleavage is an imperfectly base-paired duplex of w15 nt between the miRNA:miRNA* duplex and either a less structured region of the lower stem or its end.
MicroRNAs (miRNAs) are excised from hairpin structures within primary miRNAs (pri-miRNAs). Most animal primiRNAs are processed by two cleavages, the first at a loopdistal site w11 nucleotides (nt) from the end of the hairpin and the second w22 nt beyond the first [1] [2] [3] . To identify RNA structural determinants of miRNA processing in plants, we analyzed the functional consequences of changing the secondary structure of the lower (loop-distal), middle (miRNA:miRNA*), and upper (loop-proximal) stems of the hairpin in two different pri-miRNAs. Closing bulges immediately below the loop-distal cleavage sites increased the accumulation of accurately cleaved precursor miRNAs but decreased the abundance of the mature miRNAs. A primiRNA variant with an unpaired lower stem was not processed, and variants with a perfectly paired middle or upper stem were processed normally. Bioinformatic analysis of pri-miRNA structures, together with physical mapping of initial cleavage sites and in vitro processing of pri-miRNA, reveals that the first, loop-distal cleavage is often at a distance of w15 nt from an unpaired region. Hence, a common determinant of the rate and location of the initial pri-miRNA cleavage is an imperfectly base-paired duplex of w15 nt between the miRNA:miRNA* duplex and either a less structured region of the lower stem or its end.
Results and Discussion
Overexpression of Primary MicroRNAs 171a and 167a Causes Developmental Abnormalities Overexpression of miR171, which is both deeply conserved and highly expressed, from a cauliflower mosaic virus 35S promoter (35S:MIR171a) causes multiple developmental defects (see Figure S1A available online). The predominant defects are fewer cauline and rosette leaves and reduced shoot branching (Figures S1A and S1B). These defects are not attributable to miR171-triggered secondary small interfering RNAs (siRNAs), because they occurred in the sgs3 background, which is deficient in secondary siRNA production ( Figure S1A ) [4] . Moreover, the phenotypes were positively correlated with the amount of mature miR171 ( Figure S1C ). We used the number of cauline leaves as a quantifiable trait in analyzing the RNA secondary structural variants described below.
We also analyzed plants overexpressing pri-miR167a, whose microRNA (miRNA) is cleaved from the 5 0 arm of the hairpin, unlike pri-miR171a, whose miRNA is cleaved from the hairpin's 3 0 arm. As reported by others [5, 6] , 35S:MIR167a plants have shorter siliques as a result of reduced fertility (Figure S1D) . We used silique length to quantify the effect of overexpressing pri-miR167a structural variants.
Phenotypic Analysis of Plants Expressing Primary miRNA Structural Variants
We closed bulges and repaired mismatches in pri-miR171a to make two variants: MIR171a-Closed Bulges Lower stem (MIR171a-CBL), which lacked bulges immediately below the loop-distal cleavage site, and MIR171a-Closed Bulges Middle stem (MIR171a-CBM), which lacked the middle-stem bulge in the miRNA:miRNA* duplex ( Figure 1A ). All T1 MIR171a overexpressers had fewer cauline leaves than vector-transformed controls ( Figure 1B ), indicating that no variants were completely defective in miR171a function. 35S:MIR171a-WT plants had significantly fewer cauline leaves than 35S:MIR171a-CBL plants in two independent transformations (p < 0.01, MannWhitney test; Figure 1B ; Figure S2A ). The phenotypic abnormalities of 35S:MIR171a-WT plants were less severe than those of 35S:MIR171a-CBM plants; however, the difference was not statistically significant in one of two independent transformations (p > 0.05, Figures 1B; p < 0.01, Figure S2A ). These observations suggest that bulges in the lower stem immediately below the loop-distal DCL1 cleavage site are important for miRNA processing, whereas the bulge in the miRNA sequence may be less important.
We made two similar variants of pri-miR167a, MIR167a-CBL and MIR167a-CBM, as well as two additional ones: MIR167a-Abolished Lower stem (MIR167a-AL) and MIR167a-Closed Bulges Upper stem (MIR167a-CBU) ( Figure 1C ). More of the T1 plants developed shorter siliques than vector-transformed controls for all 35S:MIR167a variants except 35S:MIR167a-AL, indicating that the lower stem of the hairpin is critical for processing. However, as observed for pri-miR171a, the abnormalities of 35S:MIR167a-CBL plants were less severe than those of 35S:MIR167a-WT plants in three independent transformations (p < 0.001, Figure 1D ; p < 0.05, Figure S2B ), suggesting inefficient silencing of miRNA targets in the CBL lines. By contrast, the severity of the silique phenotype was similar in the 35S:MIR167a-CBU, 35S:MIR167a-CBM, and 35S:MIR167a-WT T1 plants (p > 0.05, Figure 1D ). Thus, both increasing and decreasing base pairing in the lower stem immediately below the loop-distal cleavage site appears to interfere with miRNA biogenesis, whereas eliminating bulges in the upper and middle stems does not. The difference between 35S:MIR167a-CBM and 35S:MIR171a-CBM suggests that the consequence of increasing base pairing in the middle stem may vary among MIRNAs. In summary, the results of the phenotypic analyses identify the secondary structure of the lower stem as critical for miRNA biogenesis, whereas the secondary structure of the upper and middle stems is less or not important. Figure 2A ). Thus, complete disruption of the lower stem did not affect pri-miRNA abundance, whereas eliminating lower-stem mismatches reduced its accumulation. RNA blots detected species with sizes consistent with pre-miR171a and pre-miR167a specifically in samples derived from CBL plants ( Figures 2B and 2C) . Hence, 35S:MIRNA-CBL plants accumulated less pri-miRNA and more precursor miRNA (pre-miRNA) than 35S:MIRNA-WT plants, suggesting that DCL1 cleaves the more extensively basepaired substrate more efficiently than the mispaired substrate. However, RNA blots also showed that 35S:MIR171a-CBL and 35S:MIR167a-CBL plants accumulated less mature miRNA than their wild-type counterparts ( Figures 2B and 2C) , indicating either that the second cleavage that releases miRNA: miRNA* from the pre-miRNA is slower or that processing accuracy has decreased [7] . 35S:MIR167a-AL and vector control plants accumulated similar amounts of miR167 and miR167a* ( Figure 2C ), suggesting that pri-miR167a-AL cannot be processed.
pri-miRNA secondary structural changes could affect cleavage accuracy, rate, or both. Animal Dicer processes pre-miRNAs to release the miRNA:miRNA* duplex; the cleavage site is determined by a measurement of w22 nt [8] . If DCL1 cleaves plant pre-miRNAs by a similar mechanism, the identity of the released miRNA:miRNA* duplex would be determined solely by the position of the first DCL1 cleavage site in pri-miRNA. To assess the accuracy of the first DCL1 cleavage in MIRNA structural variants, we used 5 0 RNA ligase-mediated rapid amplification of cDNA ends (5 0 -RLM-RACE) to detect 3 0 remnants of cleaved pri-miRNAs. 5
0 -RLM-RACE results directly support the previous conclusions that both perfectly basepaired CBL variants are cleaved more efficiently than the wild-type pri-miRNAs and that primiR167a-AL is not processed by DCL1 ( Figure S3 ). The most frequently occurring 5 0 ends reflect accurate cleavage at the loop-distal site in all samples except for 35S:MIR167a-AL ( Figures 3A and 3B ), indicating that processing accuracy at the loop-distal cleavage site was not affected in the CBL variants. This implies that the 35S:MIRNA-CBL lines accumulate less miRNA and miRNA* because they process pre-miRNA less efficiently. We also detected more random single cleavage sites in 35S:MIRNA-WT than in 35S:MIRNA-CBL samples ( Figures 3A and 3B ). Because the wild-type transgenes are highly expressed but processed less efficiently than the CBL variants, the unique 5 0 ends are probably due to nonspecific degradation of the transgenic pri-miRNA. Similarly, the random distribution of unique 5 0 ends in pri-MIR167a-AL suggests that DCL1 was unable to process this precursor and that the remnants derived from random cleavage and degradation ( Figure 3A) .
The results obtained with both CBL variants suggest that unpaired residues immediately below the loop-distal DCL1 cleavage site reduce the rate of the loop-distal cleavage but are necessary for the efficient loop-proximal cleavage to liberate the miRNA:miRNA* duplex. In plants, both pri-miRNA and pre-miRNA are processed by DCL1 [9, 10] . The increased base pairing in the lower stem may alter the affinity of the DCL1 complex for the RNA substrates, accelerating the first cleavage but perhaps retarding rearrangement of the complex for the second cleavage. Alternatively, the more highly duplexed CBL variants may be cleaved by the DCL4-DRB4 complex rather than the DCL1-HYL1-SE complex. Biogenesis of some newly evolved miRNAs depends on DCL4 instead of DCL1, possibly because of the long, near-perfectly basepaired structure of the pri-miRNA hairpins [11] and the greater affinity of DRB4 than HYL1 for double-stranded RNA [12] .
RNA Secondary Structural Motifs in pri-miRNA Processing
A second cluster of cleavage sites was observed downstream from the loop-distal cleavage site in pri-miR171a constructs, which had a longer hairpin than the endogenous pri-miR171a because of sequences introduced during cloning ( Figure 3B ). The transgene-specific cluster occurred in a stem region 14-16 nt from a multibranched loop ( Figure 3B ). In vitro processing of pri-miR171a with the long hairpin by a recombinant DCL1-HYL1-SE complex released an approximately 40 nt 5 0 fragment and an artificial miRNA ( Figure 3C ). This is consistent with the extra cleavage sites identified by 5 0 -RLM-RACE, indicating that the extended hairpin contains sufficient structural information for an extra DCL1 cleavage. Because all of the frequently occurring 5 0 ends of pri-miR167a and pri-miR171a are located at a distance of about 15 nt from a less-structured region of the hairpin, we infer that the initial DCL1 cleavage is determined by the presence of a relatively unstructured segment in the pri-miRNA hairpin at a distance of w15 nt from the cleavage site.
To ask whether such RNA secondary structural motifs are common in Arabidopsis pri-miRNA hairpins, we analyzed a filtered set of 82 Arabidopsis MIRNA loci selected from miRBase 13.0 [13] . These 82 loci were those with strong experimental evidence of canonical MIRNA processing (see Supplemental Experimental Procedures). The length of the stem regions within these hairpins was highly diverse, with heterogeneity apparent within all stem regions ( Figure S4 ). This size heterogeneity suggests that, by contrast to what is observed in animals, pri-miRNA processing is not always initiated by a consistent distance from the end of the lower stem [3] . To identify common secondary structural features, we counted the number of hairpins in which the stem ends or a ''big loop'' (defined as a loop contained within a single stem arm that contains no less than three consecutive unpaired nucleotides) begins at each position in the predicted 
Conclusions
We have demonstrated that the lower stem is critical for miRNA biogenesis. This is consistent with observations described in the accompanying papers by Werner et al. and Mateos et al. in this issue of Current Biology [14, 15] . We also discovered that closing bulges immediately below the loop-distal DCL1 cleavage site has opposite impacts on the efficiency of first and second DCL1 cleavages. We speculate that during evolution, mutations in the lower stem immediately below the initial DCL1 cleavage site may fine-tune the amount of miRNAs. Our analyses also suggest that the first DCL1 cleavage in miRNA processing often occurs at a distance of w15 nt from either the end of the hairpin or an internal unstructured region. In agreement with this ''+15 rule,'' Werner et al. [14] show that changing the position of bulged nucleotides in the lower stem of pri-miR172a changes the position of the lower DCL1 cleavage site. The +15 mechanism may be important in the evolution of MIRNAs. Transcripts of evolutionarily young MIRNA genes derived from inverted gene duplication have long hairpins [11, 16] . These transcripts are processed by DCL1 or DCL4 into heterogeneous small RNAs whose ends are roughly in 21 nt phase with the initial DCL cleavage site [11, 16] . Random mutations, particularly short indels, may introduce internal loops and therefore new initial DCL cleavage sites, changing the sequences of small RNAs liberated from the hairpins. However, the +15 rule is not sufficient to completely specify DCL1 processing accuracy, because aberrant cleavages in the pri-miR171a's extended lower hairpin occur at roughly equal frequency at distances of 14, 15, and 16 nt from the less-structured internal loop, whereas canonical cleavages occur at precisely +15 and +16 nt in pri-miR171a and pri-miR167a, respectively. Moreover, computational analysis indicates that there are accurately processed pri-miRNAs that do not conform to the +15 rule. 
